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Although much evidence suggests that axon growth
and guidance depend on well-coordinated cytoskel-
etal dynamics, direct characterization of the corre-
spondingmoleculareventshas remainedachallenge.
Here, we address this outstanding problem by exam-
ining neurite outgrowth stimulated by local applica-
tion of cell adhesion substrates. During acute out-
growth, the advance of organelles and underlying
microtubules was correlated with regions of attenu-
ated retrograde actin network flow in the periphery.
Interestingly, as adhesion sites matured, contractile
actin arc structures, known to be regulated by the
Rho/Rho Kinase/myosin II signaling cascade, be-
came more robust and coordinated microtubule
movements in the growth cone neck. When Rho
Kinase was inhibited, although growth responses
occurred with less of a delay, microtubules failed to
consolidate into a single axis of growth. These results
reveal a role for RhoKinase andmyosin II contractility
in regulation of microtubule behavior during neuronal
growth.
INTRODUCTION
Neurite outgrowth is thought to involve a stereotypical sequence
of events including (1) protrusion of the growth cone peripheral
(P) domain, (2) ‘‘engorgement’’ of the P domain with organelles
from the central (C) domain, and (3) consolidation of the recently
advanced C domain into the distal segment of the neurite shaft
(Goldberg and Burmeister, 1986). Many studies have implicated
actin filament and microtubule (MT) dynamics as well as interac-
tions between these two major cytoskeletal polymers in neurite
outgrowth and axon guidance (Bentley and O’Connor, 1994;
Bentley and Toroian-Raymond, 1986; Bridgman et al., 2001;
Buck and Zheng, 2002; Dent and Gertler, 2003; Letourneau
et al., 1987; Sabry et al., 1991; Schaefer et al., 2002; Zhou
et al., 2002). Evidence suggests assembly of actin filaments in
the growth cone is essential for axon guidance (Bentley and Tor-
oian-Raymond, 1986; Challacombe et al., 1996), but is not a for-
mal requirement for axon growth (Marsh and Letourneau, 1984).
MTs, on the other hand, play key roles in axon structure and in
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well understood role in growth cone motility related to their ‘‘dy-
namic instability’’: the ability MTs have of stochastically switch-
ing between growing, paused, and shrinking states (Mitchison
and Kirschner, 1984).
Dynamic MTs were initially found to be a prerequisite for per-
sistent growth cone advance and recognition of substrate-
bound guidance cues (Challacombe et al., 1997; Tanaka et al.,
1995; Tanaka and Kirschner, 1995). Recent related evidence
suggests that interactions between MTs and actin filaments
and signaling crosstalk between Rho family GTPases may be re-
quired for a wide range of processes including directed epithelial
cell motility, wound healing, and axon guidance (Lee et al., 2004;
Rodriguez et al., 2003). Despite recent progress characterizing
axon guidance signaling pathways (Guan and Rao, 2003) and
the roles Rho GTPases play in this process (Gallo and Letour-
neau, 2004; Huber et al., 2003), the basic cytoskeletal mecha-
nisms underlying axon growth remain poorly understood.
In Aplysia growth cones, acute periods of neurite advance,
similar to those elicited by native substrates (Bridgman et al.,
2001; Lin and Forscher, 1993; Lin et al., 1994; Sabry et al.,
1991), can be triggered by application of silica beads coated
with the homophilic Ig superfamily molecule apCAM if the beads
are physically restrained to permit development of traction force
(Suter et al., 1998). Growth cone responses to restrained apCAM
beads have two distinct phases. The initial ‘‘latency’’ phase
begins after bead restraint and is characterized by few overt
structural changes other than localized actin assembly near the
bead-binding site that leads to the formation of actin structures,
which appear to act as a scaffold for docking signaling proteins
such as src family kinase(s) involved in regulating adhesion
(Suter and Forscher, 2001). The second or ‘‘growth’’ phase
appears to be characterized by slowing of retrograde actin flow
in the corridor where directed C domain advance occurs (Lin
and Forscher, 1995; Suter et al., 1998; see Acknowledgments).
Retrograde flow attenuation is followed by a gradual increase in
tension between the restrained bead substrate and the growth
cone consistent with published reports of force generation during
neurite outgrowth (Bray, 1979; Lamoureux et al., 1989).
The above observations suggested a ‘‘molecular clutch’’
model for growth cone advance where traction force results
from stiffening of the linkage between restrained apCAM sub-
strates and underlying actin networks undergoing retrograde
flow (Suter and Forscher, 2000). However, the cytoskeletal
mechanism implied by this model has never been directly tested,
Developmental Cell
MT and Actin Dynamics in Growth Cone Advancesince previous studies relied on indirect assessment of actin
network movements using surface-bound, flow-coupled bead
markers. Those studies provided limited insight into how
changes in actin structure actually promote MT and C domain
advance. Moreover, they could not readily distinguish between
changes in actin network movement and actin network disrup-
tion. In both cases, surface-bound beads could stop moving rear-
ward, but the underlying mechanisms would be quite different.
Earlier studies also did not identify the cytoskeletal effectors
responsible for adhesion-dependent tension. Actin-myosin II
structures localized in the transition zone (T zone) between the
C and P domains of vertebrate growth cones are a possible can-
didate (Bridgman, 2002; Lewis and Bridgman, 1992). In Aplysia
growth cones, actin-myosin II structures termed ‘‘actin arcs’’
play a role in driving peripheral retrograde flow and actin bundle
recycling in the T zone (Medeiros et al., 2006). Interestingly, actin
arcs along the sides of the growth cone align with MTs and ac-
tively transport them from the periphery into the the C domain
(Schaefer et al., 2002). Evidence suggests actin arcs contribute
to the Rho Kinase-dependent contractility of the C domain
(Zhang et al., 2003) and more recent studies implicate actin
arcs in MT bundling and consolidation in the growth cone neck
(see Burnette et al., 2008, in this issue).
In the current study, we used fluorescent speckle microscopy
(FSM) (Waterman-Storer et al., 1998) and automated adaptive
fluorescent feature tracking (Danuser and Waterman-Storer,
2006) to assess actin filament and MT polymer dynamics during
periods of neurite advance evoked by cell adhesion molecule
substrates. We report the direct visualization of the cytoskeletal
‘‘system response’’ underlying neurite advance and investigate
roles for actin turnover and Rho Kinase-dependent contractility.
RESULTS
Actin Filament Dynamics Underlying Substrate
Evoked Growth
Neurons were injected with Alexa-594 phalloidin at low levels ap-
propriate for generating internal reference marks or ‘‘speckle’’
features to assess actin filament dynamics as previously
described (Schaefer et al., 2002). Fluorescent phalloidin was
used, as opposed to G-actin, because it generates higher con-
trast actin filament structures and has no significant effect on
filament turnover at the low concentrations used. Total internal
reflection fluorescence (TIRF) imaging was employed because
it provides high signal/noise imaging of cytoskeletal dynamics
and significantly lower phototoxicity relative to conventional epi-
fluorescence (Zhang et al., 2003). This enabled the long record-
ings necessary to capture substrate evoked growth responses
reported here. Since fluorescence excitation in TIRF imaging is
limited to a narrow evanescent wave zone, structures > 200
nm above the coverslip field are not visualized. We controlled
for the possibility of missing relevant structural changes by peri-
odically bringing the microscope out of TIRF and into epifluores-
cence imaging mode during targeting responses to verify the
presence or absence of structures (A.W.S. and V.T.S., unpub-
lished data). Cytoskeletal dynamics were correlated with
morphological changes by differential interference-contrast
(DIC) imaging.After allowing time for fluorescent cytoskeletal probe incorpo-
ration, apCAM bead substrates were applied individually to the
dorsal surface of the growth cone P domain and restrained
from movement by retrograde actin flow using a microneedle
as described (Suter et al., 1998; Suter and Forscher, 2001). A
growth cone 280 s into the latency phase of a target interaction
is shown in Figure 1A. During this initial period, no significant
changes in the distribution of organelles in the C domain are ob-
served; however, membrane ruffling formation indicative of local
actin filament assembly (Suter et al., 1998) and recruitment of
signaling proteins (Suter and Forscher, 2001) can be seen
around the restrained bead (Figure 1A, white arrowheads). Ruf-
fling can best be visualized in the DIC channel of Movies S1,
S4, and S5 (see online) and appears as raised membrane trailing
off from the bead in the direction of retrograde flow.
Radial arrays of actin bundles embedded in the actin mesh-
work of the P domain (Lewis and Bridgman, 1992; Schaefer
et al., 2002) are evident in the corresponding F-actin image
(Figure 1B, star). These bundles form the cores of filopodia, which
typically do not extend far beyond the peripheral actin meshwork
in our culture conditions. Note that the radial bundles are present
in the future target interaction axis (Figure 1A, double arrow).
Phalloidin does not appear to label actin assembly-dependent
membrane ruffling near the bead target in live cell imaging (com-
pare Figure 1A with Figure 1B, white arrowheads), suggesting ac-
tin filaments near the bead adhesion site have a turnover rate that
is fast relative to the slow on rate constant for phalloidin binding
(De La Cruz and Pollard, 1996; Zhang et al., 2003).
Retrograde actin flow moves actin networks assembled at
the leading edge rearward across the P domain at rates of
3–6 mm min1 and into the T zone where flow slows (Forscher
and Smith, 1988; Schaefer et al., 2002) and the ends of filopodial
cores reside (Figure 1B, green arrowhead). With the exception of
intrapodia activity near the target bead, throughout the latency
period no morphological changes or alterations in the overall
organization of F-actin structure were observed, and retrograde
actin flow in the P domain remained relatively constant.
In previous studies, we used kymographs for analysis of actin
movements (Schaefer et al., 2002). However, kymography is use-
ful only in regionsof uniform flow directionality,and is poorly suited
for global characterization of actin dynamics where actin flow pat-
terns are more complex. To address this problem, an automated
cross correlation algorithm for detecting and measuring actin flow
fields was developed (Hu et al., 2007; Ji and Danuser, 2005). This
approach permits complete characterization of actin flow rates in
all directions in each domain and across domain transitions. Re-
gional flow trajectories and magnitudes are averaged over 30–
36 s and quantitatively represented by the vectors in each flow
field. A typical F-actin flow field recorded during the latency period
is shown in Figure 1C and exhibits the same general flow charac-
teristics as control growth cones before bead placement (Figures
S1 and S2). Flow rates in the P domain were 6.4 mm min1 and
decreased as filaments approached and moved through the T
zone into the C domain. Note that during the latency period, retro-
grade actin flow is uniformly fast across the radial extent of the P
domain including the future target interaction axis. During this pe-
riod, when F-actin flow trajectories tended to be centripetal and
linear, we found close agreement with rates assessed previously
by manual tracking of speckle features (Schaefer et al., 2002).
Developmental Cell 15, 146–162, July 2008 ª2008 Elsevier Inc. 147
Developmental Cell
MT and Actin Dynamics in Growth Cone AdvanceFigure 1. Actin Filament Network Remodeling Underlies Substrate Targeted Growth
Left column shows (A) DIC, as well as corresponding (B) actin filament FSM and (C) actin filament flow vector map images of a growth cone for a time-point 280 s
after placement and restraint of an apCAM-coated target bead. White arrowheads in (A) demark intrapodia. Double-headed arrow in (A) indicates target inter-
action axis. Right column shows (D) DIC, (E) actin filament FSM, and (F) flow vector map images of the same growth cone 610 s after bead restraint following the C
domain growth response. Dashed white lines in (A) and (D) outline the C domain organelle boundary. A star marks filopodial actin rib in P domain, and a green
arrowhead marks the filopodial root in T zone (B and E). Yellow arrowheads in (A), (B), (D), and (E) denote the position of actin arcs surrounding the C domain
organelles. Turquoise circles in (B) and (C) mark the bead site, and turquoise arrows in (E) and (F) show actin filaments accumulated at the new adhesion
site. In (C) and (F), colors encode flow speed in mm min1, and vector arrows, flow direction. Scale bar, 10 mm.During the growth phase (also referred to as C domain ‘‘en-
gorgement’’ of the periphery) (Goldberg and Burmeister, 1986),
directed advance of the C domain toward the apCAM bead bind-
ing site was observed. During this period, the distal C domain fo-
cused into a bullet-like shape and moved toward the adhesion
site (Movie S1 and Figure 1D). Directed advance of the C domain
toward the adhesion site was accompanied by dramatic reorga-
nization of the underlying actin filament structure (Figure 1E) in-
cluding (1) disappearance of radial actin bundles from the target
interaction corridor, (2) accumulation of a ring of actin at the bead
adhesion site (blue arrow), and (3) dramatically increased inten-
sity of actin arcs (compare yellow arrowheads in Figures 1B and
1E, respectively). Actin arcs also appeared to constrain or corral
C domain organelles before and during the targeted growth
148 Developmental Cell 15, 146–162, July 2008 ª2008 Elsevier Inc.response (cf. yellow arrowheads and dashed lines in Figures
1A–1B and 1D–1E).
Assessment of actin flow vectors (Figure 1F, Movie S2) dem-
onstrated that P domain flow was strongly attenuated within
the growth corridor, confirming the interpretation of previous
indirect measurements (Lin and Forscher, 1995; Suter et al.,
1998). Significantly, retrograde flow attenuation was also corre-
lated with rapid restructuring of the P domain actin filament net-
work in the interaction corridor (Figure 1E) as well as advance of
the C domain (Figure 1D). In contrast, actin flow rates and struc-
ture in regions adjacent to the growth corridor were largely un-
changed (Figures 1A, 1C versus 1D, and 1F) (Lin and Forscher,
1995; Suter et al., 1998). Interestingly, during the course of a
target interaction, actin arcs became strikingly more prominent,
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interaction, actin arcs became progressively aligned with the
direction of growth and appeared to define the boundary of the
new T zone (Movie S1). The mechanistic implications of these
structural dynamics are considered below.
Slowing of Retrograde Actin Flow Precedes Formation
of Growth Corridor
When growth cones are not interacting with a target substrate,
a steady state exists where the rate of assembly at the leading
edge is matched by the rates of retrograde actin flow and radial
actin bundle recycling in the T zone (Medeiros et al., 2006; Schae-
fer et al., 2002). Under these conditions, the T zone/C domain
boundary is relatively stationary and there is no net advance (en-
gorgement) of organelles into the periphery (Figure 2A, yellow
lines). Later, retrograde flow begins to slow (green line, 120 s)
and C domain advance can be detected 20 s later in this inter-
action (Figure 2A, cf. yellow versus white lines). By the 200 s time
point, there is clearly an alteration of actin filament structure in
the growth corridor (red arrowheads) that appeared to precede
the advance of C domain organelles toward the bead.
What could account for the observed C domain advance
toward the target substrate? To address this question, we
recorded actin filament dynamics and calculated corresponding
actin flow fields in the entire growth cone and within the target
interaction axis (inset: white rectangle, Figures 2B and 2C,
Movies S2 and S3). About 350 s after bead application, retro-
grade actin flow in the P domain and T zone slowed markedly
and eventually came to a near complete halt in the T zone in
an40 s interval (Figure 2C, dashed outline) that preceded rapid
T zone advance (Figure 2B, red line). Note that a sharp boundary
was maintained between the shrinking P domain and the ad-
vancing C domain in the growth corridor (red line, 430–510 s).
These observations are consistent with actin filament recycling
(Medeiros et al., 2006) continuing in the target interaction axis
when retrograde flow rates slow or stop. Continued actin recy-
cling in the face of reduced retrograde flow could then promote
forward displacement of the T zone and C domain specifically in
the target interaction axis.
We also noted that as actin flow attenuation developed in the
P domain and T zone, flow in more central regions typically
reversed direction, with clear evidence of anterograde movement
present by the end of this sequence (Figure 2C). The flow vector
algorithm likely detects movement of actin arcs, actin bundles,
and possibly an F-actin component associated with internal
membrane organelles in the C domain (A.W.S., unpublished
data). To further investigate kinetic coupling between P and C
domains, actin flow vectors were simultaneously generated
near the bead and in a more proximal region (inset, red and green
areas of interest, respectively). Resulting average speed and
direction are plotted over time in Figure 2D. Remarkably, all of
the detected F-actin features simultaneously reversed direction
and moved in an anterograde direction at the onset of C domain
advance (Figure 2D, compare blue lines). These experiments
revealed the presence of coordinated long-range actin interac-
tions that strongly suggest physical connectivity between the
bead adhesion site and proximal regions of the C domain >20
mm away.Actin Filament Restructuring Precedes C Domain
MT Advance
What factors influence trajectories of MT advance within the
growth axis? Recent evidence suggests MT interactions with ac-
tin filament structures can guide MT assembly, affect MT assem-
bly rates, and promote MT translocation (Rodriguez et al., 2003;
Schaefer et al., 2002). Indeed, earlier we hypothesized that MT
interactions with peripheral retrograde actin flow acts as a barrier
which limits MT density in the P domain (Schaefer et al., 2002);
thus, we investigated the timing of actin filament restructuring
and MT advance during evoked growth responses using triple
channel DIC/MT/actin filament recordings. The time montage
in Figure 3 shows the distribution of organelles, actin filaments,
and MTs at the target site during the course of a growth event
(see also Movie S4). The leading edge boundary is outlined by
a white hatched line in the DIC channel. The advancing C domain
boundary is marked with a yellow hatched line. In this example,
the leading edge remains attached to the poly-L-lysine substrate
and grows beyond the adhesion site as the C domain advances.
Radial actin bundles are clearly present in the P domain at the
start of the sequence (Figure 3, column A). These actin bundles
likely promote efficient MT interrogation of the bead adhesion
site during the latency phase (Suter et al., 2004). Note the pres-
ence of a dynamic MT (green arrowhead) under the target bead
before C domain advance Figure 3B (Movie S4). Significantly,
invasion of C domain MTs and organelles occurs only after
formation of the corridor depleted of F-actin (Figure 3C, red
hatched line). Single dynamic MTs continue to explore beyond
the main mass of MTs as the C domain advances and the P do-
main extends beyond the adhesion site (Figure 3D, green arrow-
heads). In summary, advance of the bulk of MTs comprising the
C domain follows formation of a corridor leading to the target site
that is depleted of F-actin, consistent with removal of a structural
actin barrier to C domain advance.
C domain Advance Results from Both MT Assembly
and Sliding
MTs densely populate the C domain and their reorganization
contributes to the morphological changes observed during the
growth response (Suter et al., 1998); however, the mechanism(s)
of MT advance during substrate evoked growth are unknown. To
address this issue, neurons were injected with low levels of
alexa-594 tubulin to monitor MT dynamics by FSM during
apCAM-bead evoked growth responses. Corresponding struc-
tural changes were observed with DIC as above. Under control
conditions, MTs are mainly restricted to the C domain. However,
a highly dynamic population of MTs constantly ‘‘explores’’ the
P domain by transient bursts of polymerization guided by MT as-
sociation with radial actin bundles (Schaefer et al., 2002). Growth
cone structure and MT distribution during the latency phase and
after completion of an apCAM target interaction are illustrated in
Figures 4A and 4B, respectively. During the course of the interac-
tion, C domain organelles and underlying MTs (Figure 4B, top
and bottom, respectively) moved toward the restrained bead
(Movie S5). To quantify structural (DIC) and MT dynamics during
this interaction, the kymograph shown in Figure 4C was gener-
ated using a sampling region spanning the target interaction
axis between the C domain and past the leading edge (Figure 4A,
yellow line). Deep excursions of individual highly dynamic MTs
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MT and Actin Dynamics in Growth Cone AdvanceFigure 2. Retrograde Actin Flow Slows Concomitantly with Remodeling of Actin from the C Domain Engorgement Corridor
Actin filament clearance in the P domain precedes C domain organelle engorgement.
(A) Actin filament FSM dynamics (top panel) and corresponding DIC (bottom panel) time-lapse sequence of a targeted growth response. Dashed green line
denotes actin filament flow and yellow dashed lines mark the extending C domain organelle boundary. Red arrowheads denote clearance of actin bundles
from growth corridor. Green arrow denotes C domain associated actin structures.
(B and C) Actin filament FSM time-lapse sequence (B) and corresponding (C) flow vector maps of a targeted growth response from white rectangle region of
interest shown in the inset of Figure 1B. Red hatched line marks filopodial turnover in the T zone. White dashed region (C) shows an area with actin structure
and strong flow attenuation during the growth phase.
(D) Graphs plot the average speed and direction of flow over time in the target interaction corridor in the P domain (red box, inset) and C domain (green box, inset),
respectively. Blue line and diamonds indicate the net direction of movement where 0 represents retrograde flow and 180, flow toward bead site. Purple line and
filled squares denote flow speed in the retrograde direction, whereas open purple squares designate anterograde flow speed toward adhesion site. Arrowheads
in (D) denote the time interval shown in (B and C).
Turquoise circles in (A), (B), and (C) mark bead site. Scale bar, 10 mm. The regions of interest in (A) and (B) are 27x5.4 and 22x3 mm, respectively.
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(Figure 4C, green arrowheads). These transient events represent
stochastic, spatially unbiased MT sampling of the P domain and
do not result in significant MT accumulation or MT ‘‘docking’’ at
the bead site during the latency period (Movies S4 and S5).
These MT ‘‘explorations’’ are driven primarily by plus-end MT
assembly and are necessary to support signaling involved in
apCAM target recognition (Suter et al., 2004).
During the growth phase, C domain organelles and MTs ad-
vanced in parallel toward the target site (Figure 4B). Advance
of the C domain organelle boundary and MTs are indicated by
yellow lines in the kymograph (Figure 4C). The rate of MT (or
organelle) advance was 3.7 mm min1, which is similar to pre-
vious values obtained using this assay (Suter et al., 1998). Note
deflection of the restraining needle in the kymograph (red arrow)
Figure 3. Actin Remodeling Precedes MT
Advance
Columns (A)–(D) show a multimode time-lapse
sequence of a targeted growth response: DIC
(top panel), actin filament FSM (middle panel),
and MT FSM (bottom panel). White hatched lines
denote boundary of leading edge. Yellow hatched
lines mark C domain organelle border. Columns
(A) and (B) show the latency period. Note the pres-
ence of filopodial actin bundles before growth
corridor formation and dynamic P domain MTs
(green arrowheads). Columns (C) and (D) show
the engorgement response. Note the reduction in
actin bundles in the corridor (denoted by hatched
red line in C) followed by C domain MT invasion
and advance of the leading edge. Turquoise
circles mark bead site. Scale bar, 10 mm.
as tension develops between the target
substrate and growth cone.
The high density of MTs entering the
growth corridor combined with the short
spatial-temporal window of C domain ad-
vance prevented a robust statistical anal-
ysis of MT polymerization rates; however,
analysis of unambiguous single MTs in
the target interaction corridor suggests
advance of the C domain results from
a combination of both MT sliding and
polymerization. Figure 4D is a time-lapse
montage illustrating C domain advance
and the underlying behavior of MTs ad-
vancing as the growth corridor forms.
Figures 4E and 4F show the behavior of
individual MTs denoted (e) and (f) in
Figure 4D. These C domain MTs typically
exhibited slow but persistent growth
(arrows point to MT plus-ends) when
compared to the highly dynamic MTs
normally present in the P domain under
control conditions (Schaefer et al., 2002).
Analysis of internal speckle displace-
ments illustrates simultaneous MT trans-
location toward the adhesion site (Figures
4E and 4F, yellow lines; translocation at 4.7 and 2.1 mm min1,
respectively). Looped MTs within the target interaction corridor
were also observed to straighten over time (Figure 4E, yellow
arrowheads; Movie S5). Thus, sliding (translocation) and poly-
merization both appear to contribute to the advance of MTs
that underlies C domain engorgement during evoked growth
responses.
Actomyosin II Arcs Shape C Domain Advance
C domain advance is accompanied by increased tension as trac-
tion force develops between a restrained bead substrate and the
growth cone (Suter et al., 1998). However, the cytoskeletal effec-
tors responsible for tension generation are unknown. Actin arcs
are myosin II-dependent contractile structures that form in the
T zone from condensation of the peripheral actin networks
Developmental Cell 15, 146–162, July 2008 ª2008 Elsevier Inc. 151
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MT and Actin Dynamics in Growth Cone AdvanceFigure 4. C Domain MTs Advance by Translocation and Polymerization during Substrate Evoked Growth
(A) DIC (top panel) and corresponding MT FSM (bottom panel) time-lapse images of a growth cone 420 s after placement and restraint of an apCAM coated target
bead.
(B) DIC (top panel) and MT FSM (bottom panel) images of the same growth cone later in time during the growth phase. Dashed white lines outline the C domain
organelle boundary and turquoise circles denote the bead site.
(C) Kymograph analysis of the region of interest marked by yellow line in (A); DIC channel (top panel) and MT channel (bottom panel). In (C), yellow dashed lines
mark the organelle boundary; green arrowheads highlight dynamic MTs interrogating the target interaction site during the latency period; and red dashed line
denotes the initial needle position. The needle is pulled away from the growth cone at the 720 s time point.
(D) DIC (top) and MT (bottom) time-lapse montages of the target interaction corridor. White dashed line marks organelle boundary. The initial position of the bead
is marked by red line with arrow showing displacement of bead and needle toward the C domain during the targeting response.
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MT and Actin Dynamics in Growth Cone Advance(Schaefer et al., 2002) and play a key role in actin bundle turnover
and recycling in this region (Medeiros et al., 2006). Although actin
arcs have been implicated as an effector in Rho-mediated
growth cone retraction (Zhang et al., 2003), their possible role
in substrate-dependent growth has not been characterized.
Interestingly, when organelles engorged the periphery and the
C domain advanced toward the adhesion site (dashed line,
Figure 5A), actin arcs on the sides of the C domain become strik-
ingly more robust and straightened (Figure 5B, compare yellow
arrows at 30 s versus 650 s; Movie S6). Also, the distal ends of
(E and F) Panels show time-lapse montages of single MTs from the interaction corridor. Green arrows identify the terminal speckles of the growing MTs, while the
solid yellow lines mark internal reference speckles. Red arrow in (F) identifies a MT shortening event. Yellow arrowhead in (E) marks un-looping MT.
Scale bar, 10 mm.
Figure 5. Actin Arcs Couple to the Adhesion Site Shaping the C Domain Engorgement Response
(A–C) DIC (A) and corresponding (B) actin filament FSM and (C) flow vector map time-lapse montage taken from the left-side lateral aspects of the growth cone in
Figure 1. Dashed lines outline C domain in (A). Yellow arrows in first and last frame of (B) show straightening of normally curved arcs and red arrowheads show
arcs embedded in actin meshwork in the target interaction corridor. Turquoise circles in (A), (B), and (C) show bead site.
(D) Graph of the average flow speed and direction for the arcs in the white hatched region of interest in (C). Blue line and diamonds indicate direction where 90
represents retrograde flow and 180, flow toward bead site. Purple lines and filled squares denote arc speed toward the C domain whereas open purple squares
designate speed toward adhesion site.
(E) Time-lapse sequence of region outlined by white box in (A) showing the actin channel (left) and flow vector map (right). Yellow hatched line marks T zone
boundary and star denotes time-point showing arc vector angles perpendicular to peripheral flow.
Scale bar, 10 mm.
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network near the restrained bead by the end of growth phase
(Figure 5B, red arrowheads). An intense ring of F-actin was
also typically present around the bead binding site at this point
(Figure 5B, 650 s).
To investigate kinetic coupling between the actin arc system
and the adhesion site, flow vectors were assessed for move-
ments detected on lateral aspects of the growth cone (Figure 5C).
This analysis revealed slow, generally centripetal actin arc move-
ments during the latency period (Figure 5C, 30 s) consistent with
observations of unstimulated growth cones (Figures S1 and S2;
Schaefer et al., 2002). However, actin arcs rapidly reoriented
their trajectories and began moving toward the target site during
the growth phase (Figure 5C, last panel). The abrupt change in
arc direction is illustrated in Figure 5D, where average actin arc
trajectories and speeds sampled in the area indicated (Figure 5C,
dotted line) are plotted over time. Upon entering the growth
phase, arc trajectories reoriented counterclockwise 90 and
net arc movement was now toward the restrained bead target
(Movie S7). As arcs straightened, their speed also slowed to
about 1/3 of preinteraction rates (Figure 5D, purple line). Taken
together, these observations strongly suggest arcs mediate
a progressive build up of tension and the long-range transduc-
tion of forces (in this case the area of interest was 20 mm
from the adhesion site) over the course of the growth response.
We recently reported that the myosin II-dependent actin arc
contractility exerts shear force that promotes the severing of filo-
podium roots in the T zone (Medeiros etal., 2006). Figure5E shows
a region of interest from Figure 5A (white box) analyzed at higher
magnification. Inspection of the flow fields (Figure 5E, right col-
umn) shows initial centripetal (i.e., lateral) movement of actin
arcs into the C domain during the latency period and reorientation
of arc vectors toward the adhesion site during the growth phase.
The abrupt radial actin bundle terminations and clear T zone
boundary (Figure 5E, yellow line) along the lateral aspects of the
growth cone likely results from shear imposed by actin arcs posi-
tioned orthogonal to radial actin bundles arriving by retrograde ac-
tin flow (Movie S7). Note the sharpness of the T zone boundary is
maintained even as its position shifts over time (yellow line).
To further investigate substrate-to-arc connectivity, beads
were rapidly displaced and corresponding structural (DIC) and
actin filament movements recorded during the interaction (Movie
S8). Arcs immediately straightened and extended when bead tar-
gets were pulled forward, indicating mechanical continuity. Con-
versely, when the bead was released, both bead and actin arcs
moved into the C domain at similar rates, resulting in elimination
of the interaction corridor. Actin arcs rapidly resumed their typical
curved morphology surrounding the C domain after bead release.
More detailed biophysical analysis of these effects was compli-
cated by frequent breakage and reformation of actin bundles in
response to applied force; however, mechanical connectivity be-
tween restrained beads, actin arcs, and the C domain is evident.
Actin Arcs Regulate MT Behavior on the Sides
of C Domain
MTs associated with actin arcs exhibit low catastrophe frequen-
cies that promote their efficient growth in contrast to peripheral
MTs, which are dynamically unstable. Actin arcs also function
as a transport system that moves MTs into the C domain on
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above, increased actin arc prominence on the sides of growth
cones during interactions (e.g., Figure 5B) suggested actin
arcs could be regulating MT behavior on the sides of the growth
cone during target interactions.
Figure 6A shows representative actin and MT labeling patterns
acquired from one side of a growth cone (inset, area of interest
[a]) during a target interaction. Note the similar orientation of
actin arcs and MTs (yellow arrows). Figure 6B is a flow field
time series captured from area of interest (b) as the growth
cone transitioned into the acute growth phase (Movie S9).
Throughout the latency period, both actin filaments and MTs in
the T zone exhibited centripetal movement into the C domain,
consistent with previous findings (Schaefer et al., 2002). In con-
trast, as the target interaction entered the growth phase, actin
filament and MT vectors both suddenly turned 90 counter-
clockwise (Figure 6B and plotted in Figure 6C) and movement
was now toward the adhesion site. These observations show
that actin arc and MT movements are highly coordinated.
Average MTs speeds tended to be slower than the surround-
ing actin filaments (Figure 6B, vectors), prompting us to charac-
terize the degree of coupling between F-actin and MTs during
the growth response. To address this, direction coupling scores
(DCS) and velocity magnitude coupling scores (VMCS) were cal-
culated (Figure 6D; Hu et al., 2007). The observed average DCS
and VMCS scores of 0.6 and 0.5, respectively (Figure 6D,
blue circles and purple squares), demonstrated a significant
degree of coupling between the actin arcs and MTs, which
accounts for the coordinated turning of MT and arc movements
during the growth phase. Interestingly, the two polymer systems
do not appear to be perfectly coupled (scores < 1), suggesting
their interactions could be dynamically regulated up or down.
In summary, this kinematic analysis strongly supports the
hypothesis that actin arcs are coordinating MT movements on
the sides of the growth cone during episodes of evoked growth.
Rho Kinase Activity Regulates C Domain Advance
and MT Consolidation
In a related study we provide evidence that inward MT movement
and MT bundling in the growth cone neck depend on myosin II ac-
tivity (see Burnette et al., 2008). In essence, these results suggest
actin-myosin II contractility generates compressive forces
involved in MT bundling consolidation. Rho Kinase activity is
known to regulate actin arc contractility and stability and also to
constrain MT distribution in the C domain (Zhang et al., 2003).
Interestingly, Rho Kinase inhibition also halted actin arc move-
ment and associated MT transport in the growth cone T zone
and C domain (Zhang et al., 2003). Given the prominence of actin
arcs in the late phase of evoked growth responses (Figure 5B), we
investigated how altering Rho Kinase and corresponding arc
contractility might affect evoked growth responses.
First, control growth responses were evoked with apCAM sub-
strates. Note the focused bullet-like shape of the C domain 984 s
after apCAM bead placement (Figure 7A, hatched white line
marks C domain boundary). The same growth cone was then
treated with the Rho Kinase inhibitor Y27632 and a second
growth episode initiated. Interestingly, after Rho Kinase inhibi-
tion, the C domain advanced to the adhesion site in less than
half the time (444 s); however, the proximal C domain was
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MT and Actin Dynamics in Growth Cone Advance33% broader than the control (Figure 7B, black lines). Statisti-
cal analysis showed that the decrease in the latency phase after
Rho Kinase inhibition was significant and the effects were revers-
ible (Figure 7C). Interestingly, once evoked growth started, the
rate of C domain advance did not depend on Rho Kinase activity
(control 4.4 ± 1.1 versus 4.3 ± 0.8 SEM mm min1; n = 7). These
observations suggested that Rho Kinase is regulating a barrier to
C domain advance but not the advance process itself.
To address underlying mechanism, we compared actin dy-
namics under control conditions versus in the presence of Rho
Kinase inhibitor. Focal actin cup assembly and corridor forma-
tion was observed by the end of the growth phase in both
Figure 6. Arcs Guide MTs to Adhesion Site
(A) Actin (left panel), MTs (middle panel), and actin/MT overlay (right panel) images showing region of interest from inset. Yellow arrow shows coalignment of arcs
and MTs.
(B) Time-lapse sequence of a region of interest from inset showing actin channel/ flow vector map (left column) and MT/ flow vector map (right column).
(C) Graph shows average direction over time for actin filaments (red diamonds) and MTs (green circles) from the white hatched region of interest in the inset.
Ninety degrees represents retrograde flow and 180, flow toward bead site. Double black arrows show time interval from (B).
(D) Plots show the DCS (blue circles) and VMCS (purple squares) between the actin and MT speckle features from the same region of interest as (C). A score of one
for the coherency and coupling measurements defines vector populations with identical directionality or velocity.
Scale bar, 10 mm.
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7E, respectively). Actin arcs were clearly visible proximal to the
adhesion site under control conditions (Figure 7D, blue box). In
contrast, actin arc density was greatly reduced in the presence
of Rho Kinase inhibitor. This was especially evident on the sides
of the growth cone (Figure 7E, blue box). These results are
consistent with our earlier report that Rho Kinase inhibition de-
creases actin arc lifetimes and inhibits arc contractility (Zhang
et al., 2003). Inspection of control actin flow fields in this region
revealed a generally centripetal actin flow pattern during the
Figure 7. Arc Disruption Promotes C Domain Engorgement while Inhibiting Consolidation
(A and B) DIC image (A) of a control substrate evoked growth response 984 s after apCAM bead placement and restraint. (B) DIC image of the targeting response
of the same growth cone following a 20 min pretreatment with 20 mM of the Rho Kinase inhibitor Y27632, 444 s after bead placement. Hatched white lines in (A)
and (B) mark the C domain organelle boundary. Note the spread appearance of the C domain during the targeting response following drug treatment (black
calipers).
(C) Schematic of growth response stages (top). Graph (bottom) shows Rho Kinase inhibition reversibly decreased (69.4% ± 6.0% of controls) the latency phase.
Data are expressed as mean ± SEM. Statistical analysis was performed with two-tailed paired t test. * indicates p < 0.01; n = 7.
(D and E) Actin filament FSM images of the corresponding control and drug treatment at time points shown in (A) and (B).
(F) Flow vector maps from turquoise box regions of interest in (D) (control) and (E) (treatment) showing latency and growth time points.
(G) Graph shows the reduced coherency of the F-actin vectors in drug treatment versus control over time. A coherency score of one means all vectors are parallel
and close to 0 if their directions are random.
(H) F-actin/MT immunofluorescence images showing control (left panel) and Rho Kinase inhibited (right panel) targeted growth responses. (I) F-actin immuno-
fluorescence Images showing the growth corridors from (H). Yellow arrows mark arcs surrounding the growth corridor. Turquoise circles mark bead site in
(D) and (E).
Scale bar is 10 mm.
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strongly toward the adhesion site during the growth phase (Con-
trol, right column) similar to Figure 6. In contrast, actin filament
movements were much less coherent after Rho Kinase inhibition
during both latency and growth phases (Rho Kinase inhibition,
left and right columns, respectively). Moreover, coordinated
turning of flow vectors toward the target site during the growth
phase was no longer evident.
To further characterize actin responses, the directional coher-
ence (Hu et al., 2007) of actin filament movement over time was
assessed for regions of interest in Figures 7D and 7E and plotted
in Figure 7G. Actin filament movements were highly coherent,
i.e., speckles tended to move in tandem in the same direction,
throughout the control interaction (0.9 out of 1.0); in contrast,
directional coherence was reduced (0.5) in the presence of
Rho Kinase inhibitor.
Actin arc presence during the growth response also had a dra-
matic effect on MT organization in the C domain. Under control
conditions, the majority of C domain MTs were bundled into a sin-
gle growth axis directed toward the adhesion site (Figure 7H,
white arrow, left panel, also Figure S3). In contrast, after Rho Ki-
nase inhibition, although some MTs reached the adhesion site
(Figure 7H, white arrow, right panel), many MTs remained
splayed out in the C domain and failed to consolidate into a
unitary axis of growth.
Inspection of F-actin in the control revealed the presence of
actin arcs surrounding the growth corridor under control condi-
tions (Figure 7I, left panel, yellow arrows), whereas actin arcs
were essentially absent in the same region with Rho Kinase inhi-
bition (Figure 7I. right panel). Although we can not rule out other
(i.e., arc-independent) effects of Rho Kinase, these results sug-
gest that (1) actin arcs form a dynamic barrier around the C do-
main that regulates the rate of bulk MT advance, and (2) arcs
capture MTs on the sides of the growth cone and actively trans-
port them into the C domain. The latter process appears to play
a key role in establishing a single axis of MT advance during
periods of evoked growth. These Rho Kinase-dependent actin
arc functions will be considered further below.
DISCUSSION
This study represents, to our knowledge, the first direct analysis
of the cytoskeletal events underlying substrate-dependent neu-
ronal growth. Actin recycling, actin remodeling, and actomyosin
II arc contractility emerge as key processes involved in regula-
tion of C domain advance and underlying MT behavior. We
discuss the sequential steps in a substrate evoked growth cycle
below in the context of the model shown in Figure 8.
Adhesion and Signaling during the Latency Period
After bead placement, clustering of apCAM is followed by
assembly of a cup-like actin filament structure around the re-
strained bead (Figures 1 and 8A) that appears to act as a scaffold
for signaling proteins involved in regulation of apCAM adhesion
(Suter et al., 1998; Suter and Forscher, 2001). Initially, actin
filament flow is unchanged (Figures 1 and 2) and mechanical
tension between the bead and growth cone is low. During this
period, actin filaments and MTs interact in a dynamic steady
state that maintains the position of the C/P domain boundary(Schaefer et al., 2002). Retrograde actin flow constantly moves
actin filaments assembled at the leading edge into the T zone,
where local actin network contraction occurs, and radial filopo-
dial actin bundles embedded in the contracting network are sev-
ered and recycled by a myosin II facilitated process (Forscher
and Smith, 1988; Lin et al., 1996; Medeiros et al., 2006). MT as-
sociation with retrograde moving radial actin bundles also results
in MT transport out of the P domain and into the T zone, where
MT buckling, breakage, and minus-end catastrophes typically
occur. Thus, peripheral actin filament dynamics play a role in
regulating MT advance and MT turnover (Schaefer et al., 2002).
During the latency phase, MTs continue to stochastically ex-
plore the P domain by bursts of assembly that appear to be
guided by radial actin bundles (Schaefer et al., 2002). This ongo-
ing process appears to provide an efficient mechanism for MT
sampling of the P domain (Kirschner and Mitchison, 1986) re-
lated to signal transduction. Indeed, dynamic MTs are required
for persistent growth and turning at inhibitory borders (Challa-
combe et al., 1997; Tanaka et al., 1995; Tanaka and Kirschner,
1995; Williamson et al., 1996), recruitment of active src family
kinase to apCAM bead binding sites, and development of adhe-
sion-dependent traction forces in Aplysia growth cones (Suter
et al., 2004). Here, we report that during the latency period,
MTs continued to interrogate the entire P domain and did not
dock or accumulate at the adhesion site (Figures 3, 4, and 8A),
consistent with a signaling rather than a structural role for periph-
eral MTs in substrate evoked growth.
What factors maintain the C domain position during the
latency phase? It has long been known that acute removal of
peripheral actin networks after cytochalasin treatment leads to
C domain advance, suggesting MTs are normally restrained by
a barrier associated with the presence of actin filament networks
(Forscher and Smith, 1988), and several lines of evidence sug-
gest that C domain MTs are actually under compressive restraint
(Ahmad et al., 2000; Dennerll et al., 1988; Joshi et al., 1985).
Actin arcs may functionally contribute to the barrier since they
constantly capture MTs and transport them into the C domain.
This process is particularly evident on the sides of the growth
cone (Schaefer et al., 2002). Interestingly, Rho Kinase inhibition
resulted in a marked decrease in the latency phase (Figure 7),
i.e., growth responses occurred with less delay after bead
application. This finding is consistent with actomyosin II arc con-
tractility acting as a dynamic barrier or restraint to C domain
organelle and MT advance during the latency phase (Figure 8A).
What signaling pathways might regulate this barrier? Src family
kinases are one candidate, since src activity is required for
apCAM evoked growth (Suter et al., 2004), and, in related stud-
ies, src has been implicated in cyclical inhibition and reactivation
of Rho during integrin-mediated motility (DeMali et al., 2003).
Adhesion site formation and turnover is regulated by a src-FAK
complex (Brunton et al., 2004), and FAK-mediated phosphoryla-
tion is required for integrin-dependent adhesion in neurons
(Robles and Gomez, 2006). Characterization of src effectors
that regulate apCAM-dependent adhesion will be interesting
questions for future studies.
Corridor Formation during the Growth Phase
Progressive coupling of the adhesion site to the underlying actin
cytoskeleton is associated with slowing of retrograde flow in the
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Cytoskeletal response underlying substrate evoked growth.
(A) The ‘‘latency’’ phase begins after bead restraint and is characterized by localized actin assembly near the bead binding site, which acts as a scaffold for
docking signaling proteins. During this time, filopodial actin bundles (red) and the less polarized actin network (pink) move by fast retrograde flow in the P domain
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attenuation is immediately followed by a cascade of events
that include (1) restructuring of actin to form a growth corridor,
(2) MT extension by both translocation and polymerization, and
(3) P domain advance past the adhesion site (Figure 8B).
Growth corridor formation could simply evolve from continued
actin bundle recycling in the T zone in the face of attenuated retro-
grade flow rates, which would result in forward displacement
of the T zone (e.g., Figure 2B) followed by directed C domain
advance (Figures 1–2). This scenario assumes that when retro-
grade flow slows down, a forward migration of the actin bundle
recycling zone occurs. Image sequences such as that shown in
Figure 2B are consistent with this scheme; however, an alternate,
but not exclusive, possibility is corridor formation by de novo acti-
vation of a localized process that disrupts existing actin networks.
What could this be? Accelerated actin filament shrinkage due
to faster disassembly and/or severing rates could move the T
zone forward. Alternatively, actin bundles could be destabilized
by inactivation of an actin bundling protein such as a-actinin or
fascin. To date, the mechanism(s) of actin filament recycling in
the growth cone are incompletely understood, although severing
proteins such as cofilin and/or gelsolin are obvious candidates
here (Lu et al., 1997; Meberg and Bamburg, 2000; Meberg
et al., 1998). Quantification of actin turnover kinetics combined
with perturbation of candidate proteins will be required to further
address the mechanism of corridor formation (Ponti et al., 2005;
Vallotton et al., 2004).
A Role for Rho Kinase and Actomyosin Tension
in Neurite Shaft Consolidation
Late in the growth phase, stronger traction forces appear to be
generated (Suter et al., 1998) and long-range transfer of tension
along the neurite shaft can occur (Bray, 1979; Lamoureux et al.,
1989). Vector field analysis and Rho Kinase inhibition experi-
ments are consistent with actin arcs generating tension between
the C domain and remote distal sites of adhesion (Figures 5–7).
What specific role(s) could arc contractility play in neurite ad-
vance? As the growth responses progressed, actin arcs became
more prominent on the lateral aspects of the growth cone where
they associate with MTs and orient toward the adhesion site (Fig-
ures 1, 5, and 8C). Previously, we showed that MTs associated
with actin arcs grow very efficiently as a result of low catastrophe
frequencies (Schaefer et al., 2002; Zhang et al., 2003, Figure 6).
Taken together, these results suggest actin arcs may help guide
MT growth toward adhesion sites. An analogous situation may
exist in fibroblasts where MT targeting to focal adhesions ap-
pears to be by association with actin filament bundles (Kaverina
et al., 1999; Krylyshkina et al., 2003).
Tension increases observed between the growth cone and the
adhesion site (Suter et al., 1998); Figure 8C, red arrows) may be
mediated by actin arcs (Figure 5–7; Figure S3). This idea is con-sistent with findings of myosin II localized to actin arc-like struc-
tures in the T zone of vertebrate growth cones (Bridgman, 2002;
Rochlin et al., 1995) and that growth cones with impaired myosin
IIb function generated less traction force (Bridgman et al., 2001)
and had decreased neurite outgrowth rates (Wylie et al., 1998).
During growth responses, actin arcs also interacted strongly
with MTs on the sides of the advancing C domain and their
respective movements are coordinated (Figure 6). In a separate
study, we provide evidence that MT association with actin arcs
results in MT transport into the C domain. As a result, MT are
compressed into bundles in the growth cone neck and this pro-
cess is myosin II dependent (see Burnette et al., 2008). MT com-
pression may facilitate crosslinking by MAPs (MT associated
proteins) known to be necessary for stabilization and consolida-
tion of a new segment of the axon shaft (Bielas et al., 2007).
Interestingly, in the current study, extending MTs exhibited
excessive splaying and no longer formed a unified axis of growth
after Rho Kinase inhibition (Figure 7; Figure S3). Given that Rho
Kinase regulates myosin II contractility, actin arc motility, and
arc stability (Zhang et al., 2003), we suspect that inefficient MT
transport may explain the effects of Rho Kinase inhibition on
MT distribution seen in Figure 7.
Physiological Implications
Previous studies have shown that myosin II activity is required for
turning at inhibitory borders (Turney and Bridgman, 2005) or to-
ward NGF-coated beads (Loudon et al., 2006). The current study
suggests that actin arc contractility could play a role in growth
cone turning by maintaining a unified axis of advance as the C do-
main changes direction. In another functional context, Rho/Rho
Kinase signaling has been implicated in axon repulsion at least
partly through modulation of myosin II activity (for review see
Schmandke et al., 2007). This has spurred clinical interest in
use of Rho and/or Rho Kinase inhibitors as nerve regeneration
agents (for review see Mueller et al., 2005). Interestingly, Rho Ki-
nase inhibitors reduce the effectiveness of attractive cues and
result in aberrant neurite trajectories (Causeret et al., 2004). The
current study suggests that Rho/Rho Kinase inhibition strate-
gies could present a ‘‘double-edged therapeutic sword’’—
promoting permissive growth by reducing a barrier to C domain
advance, while at the same time reducing directional control as
a result of inefficient MT transport and bundling.
EXPERIMENTAL PROCEDURES
Cell Culture and Target Interaction Assay
Aplysia bag cell neurons were cultured on poly-L-lysine-coated coverslips in
L15 medium (Life Technologies) with artificial seawater (ASW) as previously
described (Forscher et al., 1987). The assay was performed on growth cones
as previously described (Suter et al., 1998). Prior to the experiment, cells were
incubated for 1 hr with 0.025% fetal bovine serum, and during the experiments,
phenol-free medium was supplemented with 2–4 mg/ml BSA to block(black arrow). Dynamic MTs (green) enter the P domain by polymerizing parallel to filopodia. MTs are simultaneously carried rearward by tight coupling to
retrograde flow and do not accumulate at the nascent adhesion site. MTs in the C domain (yellow) are restricted by interactions with actomyosin arcs (blue).
(B) The start of the ‘‘growth phase’’ is marked by strengthening of the adhesion site and engagement of the molecular clutch. Flow slows in the interaction corridor
(blue zone) and is accompanied by actin filament restructuring and continued actin recycling. This process removes a barrier to C domain (outlined gray zone)
advance toward the adhesion site.
(C) Later, tension develops (red arrows) between the restrained bead substrate and contractile arcs, causing arcs to straighten and compress MTs into the C
domain (blue arrows). We hypothesize this action facilitates MT bundling and subsequent crosslinking necessary for consolidation of a new segment of the
axon shaft.
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silica Ni-NTA beads (Micromod) with purified recombinant apCAM (Suter et al.,
2004). Cell injection and subsequent fluorescent imaging decreased the likeli-
hood of bead substrate interactions. Cytoskeletal dynamics were only
analyzed for robust growth responses as monitored in the DIC channel.
Immunocytochemistry
Immunofluorescence as previously described (Lin and Forscher, 1993). Alexa-
Fluor 594 conjugated phalloidin (Molecular Probes) was used for actin-filament
labeling. Cells were stained for 1 hr to visualize fine actin structures. For MT
labeling, mouse mAb clone B-5-1-2 (Sigma-Aldrich) was used with Alexa-Fluor
488 conjugated goat anti-mouse secondary antibody (Molecular Probes, Inc.).
Images acquired using a Nikon Eclipse TE300 microscope with a Coolsnap HQ
cooled CCD camera (Roper Scientific) and Metamorph software (Universal
Imaging).
Rho Kinase Inhibition Experiments
Cells were incubated with medium supplemented 10 mM lysophosphatidic
acid (LPA) for 30 min before control latency periods were measured to estab-
lish a Rho signaling baseline (Zhang et al., 2003). Subsequently, media with
20 mM Y-27632 and 10 mM LPA was added to the cell chamber for 30 min,
and the targeted growth assay was conducted on the same growth cone.
The Rho Kinase inhibitor was washed out by incubating cells for 30 min in
medium with 10 mM LPA before the growth assay was repeated. Latency times
were calculated, normalized against control times, and averaged. Data are
expressed as mean ± SEM. Statistical analysis was performed with two-tailed
paired t test.
Multimode FSM
Microinjection protocol as described previously (Lin and Forscher, 1995). For
actin dynamics, neurons were injected with Alexa-Fluor 594 or Alexa-Fluor 488
phalloidin (needle concentration 20 mM, Molecular Probes, Inc.). For MT dy-
namics, neurons were injected with 1 mg/ml Alexa-Fluor 594 labeled tubulin
(Molecular Probes, Inc.). Reagent or vehicle solution injections were typically
10% of cell volume. After microinjection, cells were incubated in L15/ASW
1 hr before imaging. Multimode time-lapse microscopy was as previously
described. Briefly, total internal reflection fluorescence (TIRF) microscopy
was performed on a Nikon Eclipse 2000 multimode TIRF microscope proto-
type. Metamorph control software (Universal Imaging) was used for instrument
control. Images were acquired with a CoolSnapHQ CCD camera using 10 s or
12 s intervals and 300–700 ms integration times for fluorescent probes and 50
ms for DIC. Pixel size = 107 nm.
Image Processing and Analysis
Raw Tiff data was used for flow tracking analysis. Time-lapse movie se-
quences were converted into image montages for figure presentation. For
presentation, the MT fluorescent images were processed with the following
spatial filters: unsharp mask, low pass, laplace egde enhancement, and a final
low pass using Metamorph Software. For F-actin, unsharp-mask and low-pass
spatial filters were used to enhance contrast. A threshold look-up table was
applied to MT images before combining with the DIC image to clear low-level
background noise for DIC-fluorescent overlays. Images were sized in Photo-
shop, converted to JPEG format, and figures organized in Canvas.
Flow Tracking and Analysis
An adaptive multiframe correlation approach was used as described previ-
ously (Ji and Danuser, 2005) to track the motion of fluorescently labeled F-actin
and MTs in the time-lapse image sequences. To track random features of un-
known shape and contrast in growth cone images, we used a texture-based
tracking method that relied on the correlation between signals in consecutive
frames to estimate the translocation of small windows, referred to as
templates, between the two time points. Due to continuous assembly and dis-
assembly of F-actin and MTs and because of imaging noise, the signal in one
template was sometimes too unstable for the accumulation of a cross correla-
tion function with a unique maximum reflecting the displacement of the tem-
plate between two frames. To address this issue, our method integrates the
cross correlation functions of the same template region over multiple consec-
utive frame pairs, with the assumption that the flow speed and direction within
160 Developmental Cell 15, 146–162, July 2008 ª2008 Elsevier Inc.a single template are locally stationary, i.e., do not change over the sampling
interval. This permitted flow-field tracking with high spatial resolution and
moderate but adequate time resolution. Flow fields were calculated for
sequences of overlapping three frame windows with a time step of one frame
(time-lapse images were acquired at 10 or 12 s intervals). Thus, flow fields pre-
sented here indicate the velocity of features averaged over 30–36 s. Flow fields
were overlaid on the raw image and scaled by a factor 3.
In addition to time integration, our program can adaptively adjust template
size and resulting spatial resolution depending on local image contrast. Flow
measurements in image regions with high contrast can afford smaller
templates, while image regions with low contrast require larger templates.
The user defines the bounds of achievable spatial resolution by specifying min-
imum and maximum template sizes. In this study, we chose 11 pixels (1 mm)
as the lower template boundary corresponding to an area43 that of a diffrac-
tion-limited spot. Upper bounds were 21 pixels (2 mm) for F-actin and 41
pixels (4 mm) for MT.
A detailed description of the coupling analysis was described in Hu et al.,
2007. The coherency score was calculated by taking all the normalized vectors
in a sample box of 253 25 pixels (1/N
P
Vi/jVi,jViVi/, normalized unit vector, N
the number of vectors in the box) and calculating the magnitude of the vector
mean. If the flow vectors in the box all point to the same direction, the score is
one. Otherwise, if their directions are random, it is close to zero. The average
score of all sample boxes that cover the whole ROI is graphed. Velocity mag-
nitude coupling score (VMCS) measures the coupling of velocity magnitudes of
two flow fields (actin and MT) along a common axis excluding random fluctu-
ations. Note that it is different from a speed ratio. However, when there is no
random fluctuation and the two flow fields are perfectly aligned, it is the
same as a speed ratio. Direction Correlation Score (DCS) is defined as the
cosq of the angle between paired (actin and MT) flow vectors.
SUPPLEMENTAL DATA
Supplemental Data include three figures and nine supplemental movies and
are available online at http://www.developmentalcell.com/cgi/content/full/
15/1/146/DC1/.
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